Measurement method and values of thermal conductivity and permeability of water vapor were presented for the dried layer of food materials undergoing freeze-drying. Some structural models were developed for predicting the permeability of water vapor flowing through the dried layer. In a cellular food model, the resistance of a cell membrane to the molecular transfer of water vapor was determined from both value of permeability and microscopic observation of average diameter of cells. The model was considered to play an important role in predicting optimum heating program for the surface temperature of materials. A micro-slicer image processing system (MSIPS) has been developed for measuring the three-dimensional (3-D) structure and distribution of ice crystals formed in frozen food materials. The system has functions to reconstruct the 3-D image based on the image data of exposed cross sections obtained by multi-slicing of a frozen sample with the minimum thickness of 1 m and to display the internal structure as well as an arbitrary cross section of the sample choosing observation angles. The effects of freezing conditions on the morphology and distribution of ice crystals were demonstrated quantitatively from the observations of raw beef stained by fluorescent indicator of muscle fibers. The scale-up procedures were described for optimizing the design and operation of industrial freeze-dryer to produce dried-egg soups.
Freeze-drying has had a great impact upon the production of dehydrated foods because of the superior quality of the product obtained and promises continued expansion of the numbers of applications. However, the process is only feasible if the cost of production can be lowered by optimum plant operations. Since the freeze-drying rate is limited by the rates of heat and mass transfer across a dried layer, the values of its thermal conductivity and permeability are indispensable to determine the drying rate. These values are mainly governed by the structure of the dried layer and then operating factors such as temperature and pressure. Since the structural nature of the dried layer is also affected by freezing operations, the relationships among the freezing condition, structure and transport properties of the dried layer are the fundamental information to design the optimum drying cycle and control the quality of final products. This paper presents (1) the measurement method and values of transport properties for the dried layer of food materials, (2) the structural models for predicting the value of permeability, (3) a micro-slicer image processing system (MSIPS) for measuring the 3-D structure and distribution of ice crystals formed in frozen food materials and then (4) demonstrates an technical cooperation project between university and industry for optimizing the design and operation of industrial freeze-drier to produce driedegg soups.
Theoretical Model
Model for transport properties analysis Figure 1 shows a uniformly-retreating-ice front (URIF) model to determine the transport properties for the dried layer of the material undergoing freeze-drying. Based on several assumptions, the equations of heat and mass fluxes were introduced to the dried layer for obtaining the equations to determine the values of thermal conductivity and permeability from drying data Sagara, 1992) .
Capillary structural model An approximate method was developed for predicting the structural parameters of the dried layer by assuming this layer to be a bundle of capillary tubes with the pore space having an equivalent pore radius, porosity and tortuosity factor (Sagara, 1986) . The mass flux of water vapor flowing through the dried layer may be written as:
The expressions for the permeability coefficient of a single capillary tube are taken from Mellor and Lovett (1964);  where,
In this equation the value of ⍀ expresses the total of separate contributions due to Poiseulle's flow, slip flow and Knudsen's flow. From the above relation, ⍀ can be expressed as a function of r and T/p since is defined in terms of a ratio of absolute temperature to pressure. The mean free path of a water-vapor mole-
cule is given by
The Knudsen diffusivity was defined in terms of the pore radius and the average molecular velocity as follows:
Since the pore radius of several freeze-dried foods is in the range of 10-300 m, the effects of T/p as well as each flow on ⍀ were investigated and then illustrated as shown in Fig. 2 , assuming the equivalent pore radius of 150 m. The curve of ⍀ has been found to approach unity with an increase in the ratio of Knudsen's flow to the total. Since in usual operating conditions the ratio T/p is assessed to be in the range of 4 to 10, the function ⍀ can be approximated to be unity. Then the pore structural ratio r/ is estimated from equations (2) and (5). Combining these equations, one get As indicated in equation (6) the slope of a curve fitted to the plot of permeability against provides the constant value A and thus the ratio r/ can be determined.
After obtaining the values of structural parameters, they were applied to an equation presented by Mellor and Lovett (1964) , which was derived on the basis of collision theory for the permeability in term of the mean free path, giving As shown in the following section the equation (7) has been found to fit the experimental results for raw beef and coffee solutions over the wide pressure ranges.
Cellular structural model Values of the permeability for sliced apples calculated by the capillary model were found to be more than 10 times greater than those of measured. As an alternative a cellular structural model has been proposed as shown in Fig. 3 (Araki et al., 2001 ). In the model, a cell is assumed to be a cylindrical geometry having an equivalent diameter d c and l c in length, respectively. The n layers of the cell are stacked parallel to the direction of water vapor transfer within the distance X(t) between the surface and sublimation front of the sample. By utilizing the analogy of electrical circuit, the resistance against the flow of water vapor R n was determined as the summation of an equivalent resistance R s of each membrane. These two structural parameters were then introduced to modify the equation (2) for single capillary tube as follows;
In the modified model the tortuosity factor was assumed to be unity because of the assumption of cells connected in series, and also the value of ⍀ can be assumed to be unity under our experimental conditions.
As above-mentioned, the parameter R s can be calculated by carrying out once-time freeze-drying experiment and the microscopic observation of average diameter of cells, and thus the value of permeability could be determined for sliced samples. However, the availability of the model depends on some factors such as the average diameter of cells, accuracy of temperature measurement as well as control at the sample surface and geometrical stability of sublimation front that is foreseen to be lost by thermal edge effect during the later period of sublimation dehydration. To avoid these problems the average diameter of cells should be measured in the direction of mass or water-vapor transport, and the model is recommended to be applied during the period until the sublimation front reaches about 60% of sample thickness (Sagara, 2001 ).
The proposed model can be applied to other cellular food materials, and a predicted value is useful to calculate the mass transfer rate across the dried layer, and finally, it can be used to design optimum plant operations, or heating program for the surface of material whose drying rate is limited by mass transfer rate.
Micro-slicer Image Processing System
A novel technique has been developed for measuring the T three-dimensional (3-D) structure and distribution of ice crystals formed in frozen foods and biological materials by using a Micro-Slicer Image Processing System (MSIPS). The system has functions to reconstruct the 3-D image based on the image data of exposed cross-sections obtained by multi-slicing of a frozen sample and to display the internal structure as well as an arbitrary cross-section of the sample choosing observation angles. The size and distribution of ice crystals can be determined from the 2-dimensional quantitative information such as the periphery and area of the crystals. The effects of freezing conditions on the morphology and distribution of ice crystals were demonstrated quantitatively from the observations of raw beef stained by fluorescent indicator.
Block diagram of MSIPS was shown in Fig. 4 . The system is composed of a multi-slicing section to prepare the cross-sectional images of sample, observation unit, image recorder, controller and image processor or workstation. A personal computer is used to control both cross-sectioning machine and laser videodisk recorder. After the slicing operation, the 3-D sample image is reconstructed based on the image data of exposed cross-sections obtained by multi-slicing of a frozen sample with the minimum thickness of 1 m and display the internal structure as well as an arbitrary cross-section of the sample choosing observation angles.
Fixing, freezing and slicing methods of the specimen Figure 5 shows the specimen embedded and fixed on a copper column with OCT (Optical Cutting Temperature) compound in a sample holder. The sample holder is a cylindrical paraffin vessel of 4 mm in inside diameter and 20 mm in height. For accomplishing one-dimensional freezing of the sample, an insulation material was placed around the side of the sample holder. The copper column located at lower part of the holder was used to determine the heat flux density during freezing. The temperature of copper cooling plate can be controlled at a constant temperature ranging from 0 to -150˚C. After freezing, the fixed specimen was sliced together with the holder at the revolution rate of 60 rpm with the minimum thickness of 1 m. The 3-D image of internal structure was reconstructed utilizing the 2-dimensional picture images. The size and distribution of ice crystals can be determined from the 2-dimensional quantitative information such as the periphery and area of the crystals.
Results and Discussion
Transport properties of raw beef The relationship between thermal conductivity and the pressure of the dried layer is shown in Fig. 6 . Thermal conductivity * plotted in this figure is determined by neglecting the heat absorbed by water vapor flowing through the dried layer. Using a steady state method, Harper (1962) and Harper and El Sahrigi (1964) measured the thermal conductivities of freeze-dried beef, peach, apple and other materials with air or other high-conductivity gases surrounding the sample over a pressure range of 0.67 Pa to atmospheric. They concluded that the experimental data could be adequately correlated by an empirical equation based on concepts of unit cells involving combinations of series and parallel arrangements of the individual solid and gas phases. Since no data are given for beef in the presence of water vapor, a curve in Fig. 6 was calculated by applying the recommended values for air-filled beef to the empirical equation. However, there are some indications that the empirical equation does not accurately describe the thermal conductivity of freeze-dried beef when the surrounding gas is water vapor. Bralsford (1967) and Hoge and Pilsworth (1973) indicated that their results for freeze-dried beef surrounded by water vapor were significantly different from those obtained with non-condensing gases and the values lay increasingly far above those for air. Triebes and King (1966) also reported the same behavior for freeze-dried cooked turkey meat. Our own data were found to be greater than those would be predicted for air-filled beef and appeared to confirm in this respect.
Although the effect of pressure on thermal conductivity was not recognized in our pressure range, it was considered that the conductivity essentially had a tendency to increase as the pressure increase. It is well known that the thermal conductivities of porous materials, when plotted vs. the logarithm of the pressure of the surrounding gas, provides characteristic sigmoid curves, indicating both lower and higher constant values in the low-pressure region below about 10 Pa and high-pressure above about 15 kPa, respectively. The lower constant value corresponds to the thermal conductivity of the solid phase and the higher to the apparent thermal conductivity of gas-filled solid matrix. The data plotted in Fig. 6 all fell in intermediate pressure region in which should increase with an increase in pressure. As shown in these results the contribution of gas phase confined in a solid matrix to the heat conduction process should be dependent upon the pressure level. The kinetic theory (Kennard, 1938) predicts that the gas thermal conductivity is independent of pressure as long as the mean free path is small compared with the sizes of void space in the matrix; as a consequence, the apparent thermal conductivity of the gas-filled solid matrix is independent of pressure. As the pressure is reduced, with the mean free path becoming comparable to and greater than the pore spacing, the gas thermal conductivity and thus the apparent conductivity of the matrix should begin to decrease continuously. At very low pressures, the gas provides a negative contribution to the total heat conduction, and thus a lower asymptotic conductivity of the solid matrix should be reached.
Plots of permeability vs. pressure for raw beef are shown in Fig. 7 . The values of K were in good agreement with Mellor's theoretical curve based on a collision theory (Mellor & Lovett, 1964) and also their experimental data using completely freezedried samples under steady-state conditions. Table 1 shows the numerical values of the constant applied to the equation (7). As discussed by Mellor (1978) , the theoretical curve demonstrated that the flow condition of water vapor transformed from Knudsen's to slip flows as the pressure increased.
Coffee solution Figure 8 shows the relationship between thermal conductivity and the porosity of the dried layer for coffee solutions. The results showed clearly that the thermal conductivity was markedly affected by solute concentration or the porosity of the dried layer. Porosity was assessed from cumulative composition using the value of 0.625 for the specific volume of pure coffee soluble. A linear relationship between thermal conductivity and porosity was obtained and the equation for a regression line fitted to all of the data was also presented in Fig. 8 . Figure 9 shows the relationship between permeability and porosity for coffee solutions at various temperatures of the dried layer. The permeability was found to depend mainly on the solute concentration or porosity of the dried layer and then other operating factors such as temperature or pressure. For example, the permeability for all samples of 40% in concentration (=0.7) were found to increase with an increase in the temperature of the dried layer. As is obvious from the kinetic theory of an ideal gas, the mean translational kinetic energy of a gas molecule is proportional to the absolute temperature. In accordance with this inter- pretation the heat transfer from solid matrix to the molecules of water vapor is considered to accelerate their flow rate, providing the greater value of permeability. However, no theoretical investigation has been presented on heat transfer by both intermolecular and wall collisions for condensable gas such as water vapor. Although the pressure dependence of permeability was not definitely recognized in our pressure range, it has been demonstrated that the permeability increases as the pressure increase as indicated by freeze-dried beef samples. These behaviors were in good agreement with theoretical investigations based on the collision theory (Sagara, 1986) and also with experimental results obtained for concentrated tomato and sugar cane juices (Mellor, 1978) . As shown in Table 2 the equivalent pore radius r was predicted from the capillary model in the concentration range from 6.2 to 40.4%. The curve of K max in Fig. 9 was calculated from the maximum values of temperature (26˚C) as well as pressure (65 Pa), applying structural parameters obtained from equation (7). The calculation method of K min follows the same procedure (-5˚C, 25 Pa) as for K max . As these curves demonstrate a similar porositydependent behavior of experimental plots, the assumptions made in this model appeared to be essentially reasonable (Sagara, 1986) .
Apple Table 3 shows the values of the thermal conductivity and permeability for several food materials obtained by the URIF model. In this table the values of thermal conductivity for sliced and mashed apples were also presented. These data can be adequately calculated by the empirical equation presented by Harper (1962) , and the thermal conductivity essentially had a tendency to increase as the pressure increased as indicated by raw beef samples. However, these absolute values were relatively larger than the empirical curve because in this study the "effective" value of thermal conductivity were measured under the existing conditions of temperature and pressure gradients across the dried layer of the sample undergoing freeze-drying.
Both resistance values of R n and R s in the cellular structural model were calculated for sliced apples by using measured values of permeability. The values of R n were in the range of 42.5 to 96.2, while those of R s were 2.9 to 7.3, and the average for them were determined to be 71.4 and 4.41, respectively. The mean values obtained for a sliced apple were used to predict the intrinsic permeability of apple flesh, and the predicted value was recognized to agree well with all measured permeability data under various drying conditions.
Effect of freezing rate on transport properties Figure 10 shows the freezing curves for mashed apple samples. The changes in temperature at the center during freezing could be regarded as an index of the freezing rate. Based on these indexes the mashed samples were classified into the group A and B. The Table 3 . Thermal conductivity and permeability for several food materials. freezing rate of the group A was relatively larger than the group B. In order to obtain the quantitative index, the period between two inflection points was defined as the ice-crystallization time, based on the primary differential values of these curves. Figure 11 shows a linear relationship between permeability and ice crystallization time for mashed samples. This behavior are attributed to the larger ice crystals formed in the sample as the freezing rate decreased. Hence, the effects of the freezing rate on transport properties, especially on the permeability, were found to be critical for the mashed cellular food materials. In liquid food systems the porosity of the dried layer is governed by the solid content or concentration, and thus the porosity mainly affects the thermal conductivity of the dried layer as shown in Fig. 8 . In addition to concentration the permeability is influenced significantly by freezing manner, because the capillary type ice columns is formed by ice crystals along with the direction of heat flow during freezing (Sagara, 1986) , and the smaller size of ice crystals is formed with an increase in freezing rate. Consequently, the morphology of capillary type void as well as grain orientation and the pore size of the dried layer are arranged during a freezing process, and thus the transport properties of the dried layer is decisively governed by the structure fixed during freezing.
From these results, it would be suggested for liquid materials that under the constant solid concentration the material should be frozen in a manner to form straight ice columns whose orientation is parallel to that of heat transport during drying and also make larger ice crystals by employing the slower freezing rate. If the higher permeability coefficient could be obtained by controlling freezing method, the drying rate would be limited by heat transfer rate across the dried layer. Under this condition the surface temperature of the dried layer is allowed to increase within a certain range that is decided from the viewpoint of quality control for final products.
Structure and distribution of ice crystals Figure 12 shows a typical cross-sectional image obtained from the lower parts of the specimen frozen at the bottom surface temperature of -120˚C. The images showed clearly ice crystals and muscle fibers, indicating the intercellular networks of ice crystals of 20-30 m in diameter and also spherical crystals 10-20 m at inner space of cells. These cross-sectional images demonstrated that the variation in morphology as well as configurations of ice crystals reflected the difference in heat transfer rates during freezing processes (Sagara, 2001) . Figure 13 shows the 3-D images of the specimens frozen at -120˚C. As shown in these images, the MSIPS was demonstrated to be useful to observe the growth of inter-and extracellular ice columns. These images showed that the ice crystals formed the columns that grew towards the interior of the meat in the opposite direction to heat flux, starting at the bottom or cooling surface of specimen. The ice column was developed mainly in intercellular spaces at surface portion, causing the large distortion of cell as shown in cross sectional image. These images were also found to support the well-known hypothesis that the site of ice crystal growth was transferred gradually from extra-to intracellular location as the freezing rate increased, forming smaller spherical ice crystals and increasing their population within the cell. The growth of ice columns appeared to be restricted by the intrinsic structure of muscle fibers. Furthermore, the continuity of columns had a tendency to be lost at lower portion because of smaller crystal size formed.
The continuity of ice column appeared to be an important factor, which affects not only the texture of frozen beef after thawing as well as cooking but also the permeability of water vapor flowing through the dried layer during freeze-drying. As described here, the three-dimensional images of a frozen beef tissue were recognized to be useful for investigating the mechanisms in the growing process of ice column. These results indicated that the proposed method provided a new tool to investigate the effects of freezing conditions on the structure and then transport properties for the dried layer of the materials undergoing freeze-drying.
Scale up to industrial freeze-drier for producing egg soups A technical cooperation project has been carried out between university and industries for optimizing the design and operation of industrial freeze-dryer to produce dried-egg soups. The batch-type freeze dryers in industrial scale have been usually operated at a constant temperature of platens. The temperature of platen has been decided empirically by considering the heating condition for performing high production efficiency without deterioration in final product. After designing the recipe of product, some food companies are entrusting another processor having a freeze-drying plant with a production. Since the processors have to receive the raw materials of various brands, they are required to control their plant under a safe condition that generally applicable to all received materials. To increase the productivity of the plant, the specified control program should be applied for each product. However, it is now difficult to accomplish this manner, because the useful information is limited in number to design a controlling program. Then almost of the plant for food materials is operated under a constant temperature of heating platens even though their drying rates are usually limited by heat transfer rate. For egg soup mixture, a drying cycle required more than 24 h by this traditional heating method. Figure 14 shows a new heating program in which the sample surface is maintained at a constant temperature immediately after heating start. This accomplished by using the program control method for the platen. The constant temperature at surface of material was determined from a standpoint of quality design for final product. The general factors, which should be considered for designing quality, are related mainly to taste and flavor retention. However, in this control the change in surface color by scorching becomes most important factor. We found that the drying time has been shortened by more than 4 h by applying this program to egg soup mixture. Then a manufacturing company participated to the project in order to realize this method in their plant. In designing the plant, the manufacturer selected the material for the platen that could bear against the high temperature of heating medium circulating in it and modified their traditional plant. The new freeze-dryer was introduced to the processing plant of a food company and started successfully their production in 1999. The production cycle including preparation and packaging processes was shortened within 24 h, saving the costs of energy and labor without the shift of working time. The patent for egg soup production was submitted from the project and opened now.
Conclusion
To optimize freeze-drying cycle both development of new technologies and implements related to the design as well as operation of dryers are desirable based on fundamental information existing among the freezing condition, structure as well as transport properties of the dried layer and quality of final products. Especially, the information becomes more important for drying solution systems because their structure is controllable artificially. If we could obtain fundamental knowledge, the computer simulation model including a series of freezing and freezedrying processes would provide a strong tool to investigate the optimum design and control methods. As shown in this paper, the technical cooperation between university and private company will be a key factor in further development of industrial freeze-drying plants. 
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